In the previous paper (20) the regulation of the inducible enzymes of the mandelate pathway in Pseudomonas aeruginosa was discussed. The enzymes of this pathway mediate the conversion of L(+)-mandelic acid to benzoic acid (Fig. I) . The linkage of genes which govern the synthesis of these enzymes and other enzymes of aromatic acid catabolism will be discussed.
Genetic investigation of the mandelate pathway has been conducted to date in only one organism, P. putida A.3.12 (1, 2) . The nature of the pathway and its regulation have been studied by Stanier et al. and Gunsalus et al. (5, 6, 24) and by Hegeman (7) (8) (9) . The genes for four of the five coordinately regulated mandelate pathway enzymes in P. putida have been found to be tightly linked (2) . The gene for an nicotinamide adenine dinucleotide phosphate (NADP)-dependent benzaldehyde dehydrogenase (BDH) appears not to be linked to the cluster of four (A. M. Chakrabarty, personal communication). A regulatory lesion permitting constitutive synthesis of all five pathway enzymes has been found (9) and is closely linked to the genes of the mandelate cluster (2) . Hegeman (9) and Chakrabarty and Gunsalus (2) suggest that this is an Oc (28) mutation. Recent work by Wheelis and Stanier (27) has shown that the genes of the mandelate group cluster loosely with genes specifying some of the enzymes of the functionally related benzoate pathway in P. putida A.3.12. 'Some of the data discussed here has appeared in preliminary form (Kemp et The linkage of the genes for the enzymes of benzoate and p-hydroxybenzoate catabolism was studied in P. aeruginosa by Kemp and Hegeman (15) . Figure I also shows the steps in the metabolism of these compounds and the inductive control of the enzymes involved. By using the generalized transducing phage fl 16 (12) , these authors demonstrated that the genes for the enzymes of benzoate and p-hydroxybenzoate metabolism occur in two groups, between which no cotransduction could be observed. The first group contains genes governing the production of anthranilate oxidase, benzoate oxidase (BO), catechol oxygenase, muconate-lactonizing enzyme, and muconolactone isomerase. The last three of these enzymes share a common inducer (Fig. 1 ).
The second group of genes governs the formation of p-hydroxybenzoate hydroxylase, carboxymuconate-lactonizing enzyme, enol-lactone hydrolase and f,-ketoadipate-CoA transferase.
These latter three enzymes also share a common inducer (Fig. 1) . A similar, but not identical pattern of clustering has recently been demonstrated by Wheelis and Stanier (27) for the genes governing the synthesis of the enzymes of benzoate and p-hydroxybenzoate catabolism in P. putida.
MATERIALS AND METHODS
Biochemical and genetic techniques used in this work have been described previously (15, 20) . Genetic linkage studies of the mandelate genes in P. aeruginosa were carried out with mutants blocked in various steps of aromatic acid catabolism and the temperate generalized transducing phage, Fl 16, of Holloway and Monk (12) . Quantitative values for genetic linkage between MANDELATE PATHWAY GENETICS IN P. AERUGINOSA pairs of loci were assigned by using the cotransduction frequencies of unselected markers (donor phenotype selection test) (3) . "Selection medium" described in Tables 2 to 4 supports growth of transductants which receive the donor's functional gene as a replacement for the recipient mutant gene. "Replication medium," also described in these tables, is used to examine the frequency with which the donor's lesion is also integrated. When linkage relations of genes governing steps within a pathway are being examined, the lesion of the recipient is in a later biochemical step than the lesion of the donor.
The cotransduction frequency for each pair of markers represents the percentage of transductants examined in which the unselected marker was found. The distance between markers has been represented diagrammatically with the formula: distance = 100 -per cent cotransduction. (19) .
The transductions in lines 5 and 6 pose special problems of interpretation. The two donors are listed as doubly blocked (BFD-BDH-) mutants. Possession of a genetic lesion which eliminates measurable BDH activity does not necessarily prohibit growth on benzoylformate (20) . The loss of BFD activity does, however, eliminate growth on this compound (20) . Therefore, the transductants produced by the crosses outlined in lines 5 The results presented in Table 2 are shown schematically in Fig. 2 . The ordering of and distances between the tightly clustered genes shown in the figure are consistent with the results obtained but should be regarded as tentative. Determination of the precise locations and true order of the lesions studied will require the analysis (for unselected marker frequencies) of many more transductants and perhaps the use of threefactor crosses.
Transductions involving mandelate and p-hydroxybenzoate genes. Kemp Not all mandelate and benzoate pathway mutants studied had genetic lesions which could be mapped by transduction. Data in Table 4 show that some MDH and BO lesions are either not located in the mandelate-benzoate-anthranilate gene cluster (PRS 137) or exhibit a degree of linkage smaller (< 1%) than could be revealed in this analysis (PRS 344 and 346) .
Linkage of the mandelate, benzoate, and anthranilate genes. A diagram of distances between mandelate, benzoate, and anthranilate genes based on the data presented in Table 2 is shown in Fig. 2 . (15) , and a similar situation has been found in genetic studies of aromatic acid catabolic pathways in P. putida (27) . The overall similarity of linkage relationships among structural genes that specify central functions in the ,B-ketoadipate pathway in P. putida and P. aeruginosa is striking. In both species, the same order and relative proximity of ,B-ketoadipate pathway genes occurs, with only a few exceptions. These have been discussed in detail by Wheelis and Stanier (27) . Apparent genetic inhomologies such as the cotransducibility of genes for histidine and p-hydroxygenzoate catabolism in P. putida and absence of cotransducibility among these same genes in P. aeruginosa may reflect differences in the sizes of deoxyribonucleic acid fragments carried by the respective transducing particles. The P. putida phage, pf16, is known to contain a genome with a molecular weight of about 108 daltons, whereas that of the P. aeruginosa phage fl16 is believed to be only 35 to 40% as large (I 1).
Functionally related genes have been proposed to cluster for evolutionary (10) and populational (16, 23, 27) reasons. In addition, S. Rittenberg (personal communication) has noted that clustering of functionally related genes will allow all to be replicated together in a short period of the growth cycle. The effect of gene dosage on levels of functionally related enzymes would thus be coordinate. Clustering might thereby provide a primitive alternative to the development of sophisticated control mechanisms.
It may be, however, that the reasons for clustering are specific to these pathways. Several of the genes for the enzymes of the ,3-ketoadipate pathway which are below the point of convergence of the benzoate and p-hydroxybenzoate branches (Fig. 1) form part of the p-hydroxybenzoate cluster (15) and show no evidence of close linkage to the benzoate group in either P. aeruginosa or P. putida (15, 27) . Furthermore, many of the genes for the enzymes of the amino acid biosynthetic pathways of P. aeruginosa do not cluster (4, 11) . There are also numerous examples of functionally related enzymes in other organisms specified by nonclustered genes (13, 22, 26) .
